Keywords: sinusoidal endothelial cells/SE-1 antibody/fetal rat liver ABSTRACT.The sinusoid organization during the development of fetal rat livers was studied using a SE-1 antibody, which we have previously established as a specific monoclonal antibody against rat sinusoidal endothelial cell (SEC). Expression and localization of the SE-1 antigen in the liver tissues of 13-to 21-day-old fetuses were immunofluorescently and immunoelectron microscopically examined. The first positive fluorescence was observed in the immature liver of 15-day-old fetuses. The initial positive staining was randomly distributed in the liver parenchyma and showed no direct relation to the large vessels which may be derived from the fetal vitelline veins. The positive linear staining increased in number and connected with each other during the course of development. The SE-1 staining pattern and the sinusoidal arrangement became similar to those of the adult liver after 20th day of gestation. Immunoelectron microscopically, the immature SEC showed a weak positive reaction for the SE-1 antigen at their membraneand was observed together with immature hepatocytes and hematopoietic cells in the 15-day-old fetal liver. Along with the liver development, SEC formed a sinusoid structure closely associated with hepatocytes and came to strongly express the SE-1 antigen. These results indicate that the organization of the hepatic sinusoid may start at around 15th day of the gestation and occurs randomly in the fetal liver parenchyma. It is also suggested that the expression of SE-1 antigen is possibly regulated by the intimate association with hepatocytes.
The liver sinusoid is a specialized vascular system which consists of endothelial cells with characteristic morphological features, such as open fenestration and lack of basal lamina (10, 16) . These features are thought to facilitate the active exchangeof various metabolic substances between blood and hepatocytes through the space of Disse. Although the mechanisms of appearance and maintenance of these morphological features
are not yet known, recent studies have suggested that these structures are regulated by hepatocyte related factors or by the extracellular matrix (8, 9) .
Structure and function of SEC have been well studied in adult rat livers as described above. However, only a few studies have reported on the structural changes in SEC during development of the fetal rat liver (1, 2, ll). Barbera-Guillem et al. (2) reported that the number and size of the fenestration of SECdiffer greatly depending on their zonal location in the liver and stage of development. However, the details in the sinusoidal organization in fetal livers have yet to be well established.
Wepreviously established a novel monoclonal antibody, SE-1, which specifically recognized an antigen (M.W. 45 kD) expressed only in rat liver SEC and in no other type of endothelial cell (7, 12) . Although the nature of SE-1 antigen has yet to be elucidated, the expression of SE-1 antigen has been considered to be related to some specific function of SEC. In this study, in order to elucidate the structural organization and the functional maturation of SEC in the fetal rat liver, we examined the expression of SE-1 antigen during development of the fetal rat liver immunohistochemically and immunoelectron microscopically.
MATERIALS AND METHODS

Animals
Pregnant Fischer 344 (F344) rats at 13 days of gestation were purchased from Charles River Japan Co. (Kanagawa, Japan)
or obtained by mating in the animal facility of Akita University, School of Medicine. The rats were maintained in rooms with temperature and light control. They were anesthetized with ehter and fetuses from 13 to 21 days of gestation were obtained after hysterectomy. Livers of the fetus at each gestational day were carefully removed and processed for the following histological examinations. A part of the livers was frozen in liquid nitrogen and stored at -80°C for immunofluorescent staining, and the remaining part of the livers was fixed in freshly prepared periodate-lysine-paraformaldehyde (PLP) solution for immunoelectron microscopic analysis. For the control experiment, livers of the newborn and 10-weekold rats were also processed. room temperature. Specific reaction products were detected in 0.02% diaminobenzidine-4HCl (Wako Pure Chemical, Osaka, Japan) and 0.0045% H2O2 solution as previously described (12) . They were post-fixed in 1% osmium solution, dehydrated in a series of concentrated ethanol, and embedded in epoxy resin using propylene oxide. Ultrathin sections counterstained with lead citrate were examined with a JEM 1200 EXelectron microscope.
RESULT S
In the adult rat liver, as previously reported (12), expression of SE-1 antigen was observed only in SECbut not in the endothelial cells of portal or hepatic veins (Fig. la) . On the contrary, the Factor vin related antigen (F vm) was positive in the endothelial cells of hepatic veins but negative in SEC (Fig. lb) . liver at this age (Fig. 2b) . At 15th day, the liver parenchymamassively proliferated and a few vascular lumens were present (Fig. 2c) . Although it is difficult to identify the organization of sinusoidal structure in the liver by hematoxylin and eosin stained sections, immunostaining for fibronectin revealed organized sinusoidlike structures delineated by fibronectin deposits (data not shown). Presence of the organized sinusoid-like structures in the liver of 15-day-old fetus was also confirmed by electron microscopical examination.
Immunofluorescent staining of the livers of 15-dayold fetus revealed sporadic positive reactions in the sinusoid-like lumens (Fig. 2d) . The length of the positive lumens was short. The majority of lumens was not completely delineated by the positive reactions. Thereafter, the positive staining for SE-1 increased in number and length, and connected with each other, resulting in the formation of the mature sinusoidal structures during development of the fetal liver (Fig. 2d, f,   h ). The lining of sinusoidal lumens at the later stages of development (after 18th day) showed completely positive for SE-1. During the development, expression of the SE-1 antigen in the fetal livers seemed to occur randomly in the liver parenchyma. There was no intimate relation to the preexisting vitelline veins which stained positively for F vm. electron microscopically, the SE-1 antigen positive as well as negative SECwere observed. The reaction products were found along the surface of plasma membrane of SEC (Fig. 3a) , but the positive reaction at this stage was weaker than that of the adult rat liver as reported previously (12) and sometimes showed segmental distribution on the plasma membrane of SEC. The SE-1 positive SEC (Fig. 3a) showed relatively thin cytoplasm which extended along the sinusoidal lumen as compared with the negative SEC (Fig. 3b) . Interestingly, the hepatic stellate-like cell (S) was localized at the perisinusoidal space and seemed to contact with both SEC and hematopoietic cells (Fig. 3a) . These cells were often observed in the space of Disse at the later stage of development. However, characteristic lipid droplets as seen in stellate cells of the adult liver were not seen in their cytoplasm. The relationship between the expression of SE-1 antigen and the appearance of fenestration in SECwas not clear. The SE-1 antigen expressed-SEC increased in number along with the course of development of the fetal liver. Pinocytotic vesicles which are positive for the SE-1 antigen at their inner surface were often seen (Fig.   4 ). At the 21st day of gestation, foci of hematopoietic cells diminished in number and hepatocytes showed the more mature morphology with glycogen rich cytoplasm (Fig. 2g) . Thus, SEC and hepatocytes closely associated each other and formed the space of Disse at the late stage of development. The arrangement of sinusoids at this period was almost similar to that seen in the adult liver. All SEC were strongly positive for the SE-1 antigen at this stage. With respect to the expression of SE-1 antigen, a clear difference was seen at the junction between sinusoids and hepatic veins. SECassociated directly with hepatocytes (without basal lamina)
expressed SE-1 antigen, whereas no SE-1 antigen expression was observed in endothelial cells of the hepatic vein which had basal lamina (Fig. 5 ).
DISCUSSION
A number of studies have been reported on the fine structure of the mammalian fetal liver (3, 5, 10, ll, 14) . Most of these studies have focused on hepatic hematopoiesis and/or development of Kupffer cells. Only a few reports have described the changes in SECof the fetal liver. Bankston and Pino (1) reported the presence of Table I . Changes in the length of SE-1 positive sinusoid during fetal rat liver development. (2) reported alternations in number and size of the fenestration during the developmental stage of fetal liver. They speculated that the alternation might be related to either differentiation of hepatocytes or activity of hepatic hematopoiesis. Although these studies reported the ultrastructural changes in SEC of the fetal liver, the process of sinusoidal organization in the fetal liver, especially its relation to the preexisted vitelline vein, is still unclear.
The monoclonal antibody, SE-1, has been established as an antibody that reacts especially with SECof the adult rat liver but not with any other type of vascular endothelial cell (12) . While the nature and function of SE-1 antigen have yet to be clarified, the antigen is considered to be related to the specific function of SEC in adult rat livers. Judging from its cellular localization (surface of plasma membraneand inner surface of pinocytotic vesicles), it is postulated to be a kind of receptor molecule which is specifically expressed in SEC. Therefore, in this study, we used SE-1 antigen as a marker for the phenotypic maturation of SEC.
In the present study, we demonstrated that both the organization and the maturation of the sinusoid occurred in a multi-focal manner and were independent of the vitelline veins which showed the positive staining for F vm in fetal livers. Weinitially assumed that the organization of sinusoids occurred around the perivascular area of the preexisting vitellin veins by extension of endothelial cells from these vessels to the liver parenchyma. Unexpectedly, an immunofluorescent staining for the SE-1 antigen together with the fibronectin staining revealed small sinusoid-like lumens distributed randomly throughout the fetal livers at the early stage of liver development. These lumens elongated and connected with each other during the development (Table   I) , resulting in the formation of the sinusoidal structure seen at the late stage of liver development (Fig. 2) . There seemed to be no intimate relationship between the SE-1 antigen positive small sinusoidal lumens and the F vm positive vascular lumens. These results indicate that the organization of sinusoidal structures occurs randomly in the parenchyma of fetal liver, which consisted mostly of hematopoietic cells and immature hepatocytes.
The hepatic stellate cells are knownas an important constituent of liver sinusoid and play a role in the metabolism of vitamin A (15). Enzan et al (4) reported that the appearance of the primitive stellate cell with few fat droplets at the early developmental stage of the mouse, rat and human livers. As shown in Fig. 3a , at 15-day-old fetal liver, we also observed the stellate-like cell containing one fat droplet in the cytoplasm at the perisinusoidal space. This suggests a possible important role of the stellate cell in the fetal sinusoid organization. A further analysis of the association of the expression of SE-1 antigen in endothelial cells and the stellate cell-endothelial cell interaction is required. Recently, it was reported that the process of vasculogenesis, in which primitive angioblasts form a vascular network, is distinct from that of angiogenesis which is dependent on preexisting vessels (6). Poole and Coffine (13) showed that both vasculogenesis and angiogenesis are involved in the formation of the embryonic vascular network. Our results thus suggest a possibility that the sinusoid organization in fetal rat liver may occur in a manner similar to vasculogenesis.
Expression of SE-1 antigen became pronounced with the elongation of sinusoidal lumens (Fig. 2) . At the late stage of fetal liver development (21-day-old fetus), the pattern of SE-1 expression was similar to that seen in the adult liver. This indicates that the phenotypic maturation of sinusoid has nearly been completed at the late stage of liver development. Since the cessation of hepatic hematopoiesis and the appearance of adult liver specific functions are characteristic features at this time period of the fetal liver (1), the phenotypic maturation of SECseen in this study may be in good agreement with hepatic differentiation.
A close association between the SE-1 antigen expressed SECand the hepatocytes was evident at the late stage of development (Fig. 4) shown that vascular endothelial growth factor (VEGF), which is produced by hepatocytes, regulates the proliferation and survival of the cultured SECvia tyrosine kinase type receptors, Flt-1 and Flk-1 (17) . It is important to examine the role of such paracrine factors for understanding the mechanisms of sinusoid organiza-tion in the fetal liver.
